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Objectives

The objective of the present research is to develop a fundamental understanding of
the intrinsic relationships between solidification processing and the development of fatigue
damage in metallic matrix composites (MMCs) under cyclic loading conditions.
Specifically, the overall goal of the augmentation is to understand of the influence of spray
atomized and co-injected microstructures on the growth of fatigue cracks in particulate
reinforced metallic matrix composites. This understanding is then used to develop the
optimum processing route for superior fatigue resistance and endurance.

Status of Effort

This four-year augmentation was initiated on July 1, 1992; the present report
covers the final year from July 1, 1995 - June 31, 1996. Fatigue crack growth in alumina
particulate reinforced Ni3Al alloy composites, IC-50/A1,03, fabricated using a spray
deposition and co-injection process [1-3], was examined and compared with that in a
conventional nickel-base superalloy, Inconel 718. Single edge-notched (SEN) fatigue
crack growth specimens were tested under constant AK conditions using a custom fully
automated servo-hydraulic test system. The results indicate that the threshold value of AK
is at least as high as that for monolithic IC-50, regardless of whether the composite is in the
as-sprayed or HIPed condition. However, the HIPed microstructure exhibits a higher
fatigue crack growth resistance in the Paris law regime compared to the as-sprayed
material. Both composites exhibit a lower crack growth resistance compared to that for
unreinforced IC-50 [4]. Compared with Inconel 718, the present IC-50 MMCs
consistently exhibit substantially better fatigue crack growth resistance properties.

We also compared the average microcrack growth rate in unnotched cylindrical
samples with the crack growth rate for single edge notched specimens of Inconel 718. The
growth of the cracks was monitored by periodically interrupting the fatigue experiments
and performing an acetate replication of the entire gage section [5]. A deceleration
observed for the microcrack growth in Inconel 718. Comparison of the value of AJ for this
transition with the threshold value of AJ indicated by the SEN crack growth data indicates
that the observed deceleration is not the result of the onset crack closure effects. Rather, it
is shown to correspond to a transition between the growth of microcracks that are generally
within a single grain to the growth of microcracks through multiple grains [6, 7].
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Accomplishments/New Findings

1. Research Highlights

We have studied the mechanisms that control fatigue crack growth in spray atomized
and co-injected NizAl (IC-50) matrix composites by conducting automated crack growth
experiments under controlled AK conditions. During these tests the value of AK is held
constant for a sufficiently long period to accurately measure crack grbwth rate and then
successively reduced to lower AK levels until the threshold AK value is indicated. The
fatigue crack growth rates for the IC-50/A1203 IMCs, compared with Inconel 718 and
monolithic IC-50, are plotted versus AK in Figure 1. Among the present MMCs, a hot
isostatically pressed (HIPed) IC-50/A1203 IMC exhibits a greater fatigue crack growth
resistance. This may be attributed to the reduced amount of porosity in the HIPed IC-50
MMC compared with that in the as-sprayed composite. Another possible enhancement is
that the HIPing process enables boron atoms to diffuse to the grain boundaries, increasing
their cohesive strength. We note, however, that the values of AK;y are essentially the
same regardless of whether the composite is in the as-sprayed or HIPed condition.

We also found that the fatigue crack growth resistance for monolithic IC-50 and
HIPed IC-50/Al,03 MMCs are substantially better than that for Inconel 718 with either a
solution treated double annealed (STDA) or solution treated water cooled (STWC) heat
treatment. The crack growth behaviors of the specimens, machined either vertically or
horizontally within the spray deposit, shows no difference. This finding is consistent with
metallographic evidence that the microstructure of this material is effectively isotropic in

nature.

Small fatigue crack growth in unnotched specimens of STWC Inconel 718 under
constant strain amplitude conditions were also studied and are compared with SEN fatigue
crack growth data. The surface state of the LCF damage [5] was characterized with two
parameters: average surface crack length and surface crack density. These parameters
were measured by periodically interrupting the experiments and producing acetate replicas
of the entire gage section. An in-situ laser scanning technique was also applied to monitor
the surface state of the LCF specimens. The results from this technique were found to
correlate well with the microcrack density measurements [5].

Crack growth rate data for two Inconel 718 LCF samples, Agy = 0.6% and Ae, =
0.8%, are plotted with SEN data as a function of J-integral range, AJ, in Figure 2. The
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details of AJ calculation and estimation of Young’s modulus, Ecyclic, are reported
elsewhere [6-8]. We note that the small crack growth for the LCF specimens exhibit a
short-lived crack growth deceleration for a value of AJ that is about one order magnitude
less than AJy, as indicated from the SEN experiments. Hence, it appears unlikely that the
onset of crack closure effects could be the cause of the observed deceleration.

The observed deceleration in microcrack growth rate occurs in the LCF specimens
when the average surface crack length is about 20 pm. Comparison of this value with the
average grain diameter of 27 pm suggests that the deceleration results from a transition
from crack growth within a single grain to that through multiple grains. We note that it is
likely that the resolved shear stress for slip in the subsequent grains the microcracks growth
through are not as high as that for the grain in which it initiates. In this case, the crack tip
deformation that facilitates crack should initially become more difficult as the crack front
passes from a single grain into multiple grains. Thus, it is reasonable that the observed
transition results in a temporary reduction in crack growth rate even though the value of AJ
continually increases as the crack growths.

The present laser scanning systems outputs a parameter called the defect frequency
which corresponds to the number of grains at the surface which contain microcracks. Both
mean defect frequency and microcrack density are plotted against strain amplitude in Figure
3 for the point in the LCF experiments where the microcrack density reaches a maximum
(saturation). It can be seen in this figure that the overall microcrack density increases
linearly with strain amplitude. This trend is reasonable since the saturation microcrack
density should directly depend on the density of persistent slip bands at the surface which
has been shown to be linearly dependent on the plastic strain amplitude [9]. The
relationship between strain amplitude versus mean defect frequency is also approximately
linear in Figure 3, particularly below a strain amplitude of 0.8%. It is likely that the
deviation from linearity above this strain amplitude is due to fact that a significant number
of grains containing multiple cracks are present. For these grains, the multiple cracks are
counted as a single crack since their spacing is less than the laser beam diameter. As a
result, the defect frequency is lower than what would be expected from the absolute

increase in microcrack density with strain amplitude.

Number of cycles to the saturation of the defect frequency, N, plotted against the
number of cycles to failure, Nf, for the present Inconel 718 specimens is illustrated in
Figure 4. This plot indicates a linear relationship between Ns and Nf with a slope that is
approximately equal to 1/5. This relationship indicates that low cycle fatigue life can be
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predicted reasonably well from the onset of the maximum mean defect frequency level for
the present material. Taking this together with the results shown in Figure 3 further
suggests that the number of cycles to reach the maximum microcrack density is linearly
related to the number of cycles to failure.

2. Significance to the Field

The significance of the present research is based on the fact that the nature of the
mechanisms which control the development of fatigue damage in intermetallic matrix
composites is not well understood. Most detailed studies of fatigue mechanisms have been
conducted with monolithic metal and intermetallic alloys. The present results demonstrate
that the fatigue crack growth resistance of a novel spray atomized and co-deposited
Ni;AVA1,0; MMC is substantially better than that of a nickel-base superalloy, Inconel 718.
It is also apparent that the crack growth resistance in the present composite is essentially
isotropic from the similarity of the data in Figure 1 for the horizontally and vertically
oriented specimens. A laser scanning technique has been further developed to monitor the
formation and growth of fatigue microcracks in unnotched specimens. The results from
this study indicate that the number of cycles to reach a maximum in the microcrack density
is linearly related to the fatigue life of the specimens. This work has enabled us to establish
an understanding of the influence of microstructure on the fatigue damage resistance of
novel intermetallic matrix composites. It is anticipated that this research will lead to the
development of other novel metallic matrix composites with superior mechanical properties
under cyclic as well as static loading conditions.

3. Relevance to the Air Force's Mission and Potential Applications

Future engine designs for military aircraft will require new high temperature
materials that exhibit prolonged lifetimes under fatigue conditions. Spray atomization of
Ni3Al has been shown in the past to improve room temperature ductility, however this
benefit often comes with the drawback of significant porosity (>6 vol.%) in the deposited
material. The present Ni3AI/Al,O3 IMC has a relatively fine grain size and a very low
porosity level (<1 vol.%). This combination facilitates higher room temperature ductility as
well as improved fatigue crack growth resistance. Such a development makes this
composite potentially useful in hot section components of military and commercial jet
turbine engines. Blades, vanes and stators could potentially operate at higher temperatures
and experience longer lifetimes with the excellent oxidation resistance of NijAl. The
introduction of alumina particulates that are less than 3 pm in diameter also appears to have
a beneficial effect of improving the fatigue resistance by reducing interfacial and particulate
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cracking. These improvements ultimately allow the design specifications to incorporate a
longer service life. The increased fatigue damage resistance of the present MMCs can
reduce costs in two ways: (1) lighter structures may be developed which increase fuel
efficiency and (2) maintenance and component replacement operations are less frequent. In
addition, the fatigue data obtained in developing the MMCs under investigation are required
for accurate predictions of the fatigue failure of future MMC components. The results of
the present research program provide a better understanding of the nature of fatigue crack
growth in recently developed intermetallic matrix composites that are potentially useful in
aerospace applications. This understanding will assist in the design of advanced materials
with a greater resistance to failure to meet the design criteria anticipated for both future

civilian and military aerospace vehicles.
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